Background. The risk of cutaneous squamous cell carcinoma (CSCC) is found to be substantially increased after organ transplantation. The association with specific immunosuppressive regimens has been previously investigated, but results are not concordant. We aimed to clarify the relationship between separate immunosuppressive drugs, drug load, timing and risk of post-transplant CSCC. Methods. A population-based nested case-control study was performed in the Swedish organ transplantation cohort (n = 5931). All patients who developed CSCC during the follow-up (1970-97) were eligible as cases (n = 207). Controls (n = 189) were randomly selected from the cohort and individually matched to the cases on follow-up time, age at and calendar period of transplantation. Exposure information was collected through extensive and standardized review of medical records. Results. The median time to CSCC was 6.7 years. Posttransplant azathioprine (Aza) treatment considerably increased the risk of CSCC during all time periods analysed, and the risk augmented with increasing dose and duration. Patients who after the entire follow-up period had received a high accumulated dose of Aza had an 8.8-fold increased risk of CSCC in multivariate analysis (P < 0.0001), compared to patients never treated with Aza. Additionally, a high accumulated dose of corticosteroids during the same period conferred a 3.9-fold elevated risk of CSCC (P = 0.09), compared to the lowest accumulated dose of corticosteroids. Cyclosporine treatment was not associated with the risk of CSCC post-transplantation. Conclusions. This study provides evidence that Aza treatment, but not cyclosporine treatment, is strongly associated with post-transplant CSCC risk. The results suggest that the risk of CSCC after organ transplantation is not only an effect of the immunosuppressive load per se.
Introduction
With improved survival after organ transplantation, the long-term complications have become evident, such as the increased risk of malignancies. Cutaneous squamous cell carcinoma (CSCC) is the most common malignancy in the post-transplantation period and is responsible for ∼50% of the cancers arising de novo [1] [2] [3] . It has been shown repeatedly that the risk of CSCC increases with time after the transplantation. At 10 and 20 years following transplantation, cumulative incidences of CSCC of ∼7% and 20%, respectively, have been reported in Europe [2] . The corresponding incidences in Australia are considerably higher, at 52% and 82%, reflecting the additional impact of sun exposure in this setting [4] . Compared to the general population, in which sun exposure is also a well-known risk factor for CSCC, studies have detected an up to 250-fold increased risk in organ transplant patients [2, [5] [6] [7] .
The markedly raised risk of CSCC in organ transplant recipients has often been attributed to the immunosuppression achieved by the increasingly effective pharmacological drugs. A role of specific drugs in skin carcinogenesis has been suggested in prior studies [4, [8] [9] [10] [11] [12] . Nevertheless, the association is poorly elucidated, and previous results are not concordant. Most previous studies have crudely investigated the association with different immunosuppressive regimens, rather than with actual doses administered [7, 8, [13] [14] [15] [16] [17] . Several studies were also hampered by low statistical power to detect a difference between treatment regimens [10, 14, [16] [17] [18] [19] [20] , and some studies did not clearly distinguish drugs included in treatment groups under comparison [3, 8, 15, 16] . Although most previous studies have not identified differences in the risk of CSCC related to immunosuppressive regimen [3, [13] [14] [15] , some have found an increased risk in patients receiving triple treatment with azathioprine (Aza)+cyclosporine (CsA)+corticosteroids (Cs) compared to double treatment with Aza+Cs [7, 8, 16] . Consequently, several studies have concluded that an overall drug load confers the increased risk rather than a specific agent [7, 13, 14, 18] . However, a few previous studies have presented evidence of a drug-dependent increased risk in both treatment with Aza [8] [9] [10] and with CsA [8, 10] .
In order to further clarify the relationship between the risk of CSCC and separate immunosuppressive drugs, drug load and other transplant characteristics, we performed a population-based case-control study, nested in the large Swedish cohort of close to 6000 organ transplant individuals.
Methods

Swedish organ transplantation cohort
This study was performed within the Swedish organ transplantation cohort previously described by Adami et al. [2] . In short, the cohort consisted of 5931 patients, with no history of cancer, who underwent solid organ transplantation in Sweden from 1970 to 1997 and were registered in the Swedish National Patient Register. In this register, up to eight discharge diagnoses and 10 surgical codes are recorded for each patient discharge, and the geographical coverage gradually increased from 60% in 1969 to close to 100% of Sweden from 1987 onwards [21] . An evaluation of the validity of the register showed that 98% of the records had correct surgical codes [22] . In Sweden, organ transplantations are only performed in four public University hospitals (Karolinska, Malmö/Lund, Sahlgrenska, Uppsala)-therefore, the national registration of organ transplantations is population based. However, since two of the hospitals did not report to the National Patient Register before 1972, while the other two reported already from 1970, a few early organ transplantations (∼50) were not included in the study [5] .
Identification of CSCC cases and controls
The cohort of organ transplant patients was linked to the Swedish Cancer Register by employing the individually unique National registration number. In Sweden, both the diagnosing physician and the pathologist are required by law to report to the Cancer Registry which ensures recording of >98% of all incident tumours with a histological verification of 97% [21] . The seventh edition of International Classification of Diseases (ICD-7) code 191 was used for identifying incident nonmelanoma skin cancer (NMSC). Since basal cell carcinomas were not registered in the Cancer Register until after the termination of this study (starting in 2003), almost all NMSC in the register have been shown to represent CSCC [23] . All individuals in the cohort of transplant patients who developed CSCC (n = 242) as a first malignancy during the follow-up were eligible as cases. Controls were randomly chosen from the Swedish organ transplantation cohort and individually matched to the cases (1:1) by age (±5 years) and calendar period of transplantation (±5 years). The controls were also required to be alive and free from cancer at the time of the corresponding case CSCC diagnosis. Nineteen patients (3.9%) were excluded since they had an unregistered prior transplantation or because they died before the end of the follow-up, and two patients (0.4%) developed a cancer that was not registered in the Swedish Cancer Register. From all living cases and controls (n = 233), we requested a written, informed consent, which all but 14 patients (6%) approved. Of the 449 remaining patients, 53 patients (12%) were lost to the follow-up since their medical records could not be located. After these exclusions, the study consisted of 207 cases (88% of eligible cases) and 189 controls (84% of eligible controls).
Ethical guidelines
This study was approved by the Regional Ethics Review Board, Stockholm, Sweden (01-006).
Data collection
An extensive form was created for retrieving information in a standardized manner from the patient medical records. Data collection was carried out by trained personnel that were blinded for case/control status. Information recorded for all transplantations included age and sex of the recipient, type of organ transplanted, cause of organ failure, human leucocyte antigens (HLA) and rejection episodes. Mismatch of HLA was defined as an antigen present in the donor but absent in the recipient. Additionally, we recorded the daily doses, administration forms (oral/intravenous) and all dose changes with dates of treatment initiation and termination of the following drugs: Aza, CsA, CsA microemulsion, Cs (prednisolone, methylprednisolone, hydrocortisone, betamethasone, cortisone), tacrolimus, mycophenolate mofetil, sirolimus, cyclophosphamide, anti-thymocyte globulin (ATG), anti-lymphocyte globulin (ALG) and muromonab-CD3 (OKT-3).
Statistical methods
We combined generically similar drugs and converted different administration forms to reflect equal bioavailability. All Cs medications were standardized to the corresponding prednisolone dose, CsA microemulsion was standardized to CsA and orally administered drugs were transformed to correspond to 100% bioavailability (algorithms listed in Appendix 1) [24] .
Drug doses were categorized according to the tertiles of the distribution among controls with never treatment as reference (Cs was divided in quartiles). To reflect a weighted total dose load of Aza+CsA+Cs treatment (restricted to patients who received all three drugs), we assigned reference values to the accumulated dose categories of each drug (reference = 0, low = 1, intermediate = 2, high = 3) and summed them up. Odds ratios and 95% confidence intervals (CI) were computed using conditional logistic regression models and were used as estimates of relative risk (RR). By using the conditional logistic regression model, adjustment was achieved for potential confounding by the matching factors age and calendar period at transplantation in intervals. We also checked for residual confounding by these factors through separate addition of age and calendar year of transplantation as continuous variables to the model, but RR estimates remained essentially unchanged and therefore the results of the original model are presented. Multivariate model building was based on purposeful selection criteria [25] , relying on both statistical and biological relevance of factors considered. Potential risk factors and confounders were entered in a multivariate model and their effects were tested with likelihood ratio tests. Thereafter, all exposure variables were added, one at a time, to the multivariate conditional logistic regression model and tested accordingly for significance. The final model consisted of sex of the recipient and total accumulated dose of Aza, CsA and Cs. Analyses of combinations of drugs or drug doses in different treatment phases were not adjusted for the total accumulated dose of the same drug. Effect modification, on a multiplicative scale, between two variables of Aza, CsA, Cs, sex and age was tested by including an interaction term in the model. Statistical analyses were carried out in Stata (StataCorp. 2003, Stata Statistical Software: Release 9.0. College Station, TX, USA).
Some cases and controls (n = 71) had lost their originally matched partner due to loss to follow-up or technical errors. These subjects were joined together in new pairs or entered into other risk sets if they fulfilled the original matching criteria (n = 18). In order to use the information from additional subjects without a matched partner, we applied slightly revised matching criteria (±10 years for age and calendar time and <60 days difference in the follow-up time) allowing another 34 participants to enter into existing risk sets. Analyses were performed both with and without the additional 52 participants and the results changed only marginally; therefore, the analyses including these subjects are reported.
Results
Selected characteristics of the 207 CSCC cases and 189 controls are displayed in Table 1 . The median age at first transplantation (51 years) and the median follow-up time (6.6 years) were similar among cases and controls. Eighty-four percent had a single transplantation, and the absolute majority (95%) received a kidney graft. Study
Immunosuppressive treatment after solid organ transplantation and risk of post-transplant cutaneous squamous cell carcinoma 2765 participants who developed CSCC during the first 8 years post-transplantation were older than patients who developed CSCC after 8 years or more (median age 56 years and 41 years, respectively). Tables 2 and 3 present crude RRs of CSCC in relation to transplant characteristics and immunosuppressive treatment. All patients were treated with Cs, in combination with either Aza or CsA or in triple treatment combination (Aza+CsA+Cs); only about 1% of the study participants were treated with either of tacrolimus, mycophenolate mofetil or sirolimus. Both triple treatment and ever use of Aza were associated with a statistically significant 5-fold increase in the risk of CSCC, compared with CsA+Cs and never use of Aza, respectively. Patients with a high accumulated dose combination of Aza, CsA and Cs were at a 4.6-fold increased risk compared with patients receiving a low dose combination (weighted dose score 8-9 versus 2-3). There was no significant association with either ever use or increasing accumulated dose of ATG and/or ALG. Male recipients were associated with a borderlinesignificant increased risk of CSCC (P = 0.06). One mismatched HLA-B antigen and more than two rejection episodes increased the risk of CSCC almost 2-fold, but there was no significant trend with increasing number of mismatches or rejections.
Treatment with Aza was associated with an increase in the risk of CSCC during all time periods analysed, and the risk was enhanced by higher dose (Table 3) . After the entire follow-up period, the risk of CSCC in relation to the accumulated dose of Aza was close to a 3-fold increase in the low-dose group, and more than 6-fold increase in the intermediate and high-dose groups, compared to never treatment with Aza. With a maximum treatment of 1 year, a high accumulated dose was associated with an elevated risk of 5.1 (95% CI, 1.9-14.0), compared to never treatment with Aza. After a treatment during up to five years, this risk rose to 6.9 (95% CI, 2.5-19.1). Similarly, a high mean dose of Aza during actual treatment periods increased the risk 5.7-fold compared to never treatment. Patients with a high accumulated dose of Cs were at a more than 4-fold increased risk of CSCC after the entire follow-up period, compared to those with a very low accumulated dose of Cs (reference category). An increasing dose of Cs was associated with an increased risk of CSCC, but the low and intermediate dose groups rarely reached statistical significance. A high mean dose of Cs during all treatment periods and during the second and third year post-transplantation (maintenance therapy) increased the risk of CSCC almost 2-fold. The accumulated and mean doses of CsA were consistently not associated with CSCC risk in the crude analyses. Tables 4 and 5 present the RRs of CSCC computed in multivariate models. Associations with ever treatment with CsA and Aza were more pronounced in the multivariate analysis, whereas the risk of CSCC by treatment regimen, weighted dose combinations of Aza+CsA+Cs and treatment with ATG and/or ALG remained unchanged.
Adjusted risk estimates of CSCC by accumulated and mean dose of Cs were generally unchanged from the crude analyses (Table 5) . A high accumulated dose of Cs increased the risk of CSCC 2.5-fold (95% CI, 1.0-6.1) after 3-year treatment duration and 3.9-fold (95% CI, 1.2-12.3) after the entire follow-up period, compared to a very low accumulated dose of Cs (reference category). In contrast, the risk of CSCC in association with Aza was more pronounced upon multivariate adjustment. Patients with a high accumulated dose of Aza were at a 5.4-fold increased risk of CSCC after 1 year of follow-up, and after 3 and 5 years, the risk had risen to 7.5-and 8.9-fold increased, respectively, compared to never treatment with Aza (Table 5, Figure 1) . A significant trend in the risk of CSCC with increasing dose of Aza was present for all time periods analysed. Risk estimates of CSCC by accumulated dose of CsA at 1, 3 and 5 years were not associated with the risk of CSCC. However, the adjusted risk of CSCC was 2-fold non-significantly increased in patients with either low or high accumulated dose of CsA after the entire follow-up period, compared to never use. There was no trend in the risk of CSCC with increasing dose of CsA. No effect modification between Aza, CsA, Cs, age and sex could be detected in this study. However, interaction analyses were generally low-powered and were therefore difficult to evaluate. Aza = azathioprine, CsA = cyclosporine, Cs = corticosteroids. ATG = anti-thymocyte globulin, ALG = anti-lymphocyte globulin, OKT-3 = muromonab-CD3 Ab. Controls were matched to cases by age (±5 years) and calendar period of transplantation (± 5 years) and were further required to be alive and free from cancer at the time of the case CSCC diagnosis. a Relative risks estimated by odds ratios and 95% confidence intervals (CI) using univariate conditional logistic regression models. b Restricted to persons who received all three drugs. c The weighted dose combination score was created by adding the assigned values to the accumulated dose categories of each drug, range 2(low)-9(high). § Statistical significance (P-value) was estimated with likelihood ratio tests.
Discussion
In this large population-based nested case-control study, with detailed recording of administered immunosuppressive drugs during the post-transplantation period, we found evidence that treatment with Aza is strongly associated with the risk of post-transplant CSCC. We observed highly significant trends of increasing risk of CSCC with increasing accumulated and mean dose of Aza, and the risk was more pronounced with longer treatment duration. Furthermore, we observed an association between a high accumulated dose of Cs after longer treatment durations (at least three years) and the risk of CSCC. In contrast, CsA was not associated with the risk of CSCC post-transplantation. The risk of CSCC in association with immunosuppressive drug treatment regimens has been investigated in several previous observational studies, but analyses of actual administered doses of these drugs are rare. Our findings Immunosuppressive treatment after solid organ transplantation and risk of post-transplant cutaneous squamous cell carcinoma 2767 Table 3 . Crude relative risks a (RR) of cutaneous squamous cell carcinoma (CSCC) after organ transplantation in relation to accumulated dose (after 6 months, 1, 3, 5 years and after the entire follow-up period) and to mean dose (during treatment periods and during the second and third year) of azathioprine (Aza), cyclosporine (CsA) and corticosteroids (Cs) Controls were matched to cases by age (±5 years) and calendar period of transplantation (± 5 years) and were further required to be alive and free from cancer at the time of the case CSCC diagnosis. a Relative risks estimated by odds ratios and 95% confidence intervals using univariate conditional logistic regression models. b Reference category = never use of Aza and CsA and very low accumulated/mean dose of Cs. c Excluding intravenously administered drugs and periods of no treatment. § Statistical significance (P-value) was estimated with likelihood ratio tests.
with regard to Aza are supported by a few previous reports. In one cohort study, including 361 renal transplant recipients [4] , there was a 2.4-fold increased risk of CSCC, in patients ever treated with Aza. Similarly, Hiesse et al.
found that a treatment regimen without Aza was related to a RR of NMSC of 0.21 (P = 0.03), compared to a treatment regimen including Aza, in a retrospective cohort study with 1710 renal transplant recipients [8] . Additionally, two prospective studies, one cohort study with 5172 immunosuppressed non-transplant patients and one randomized controlled trial including 231 renal transplant recipients, detected an association between a high mean dose of Aza and the risk of skin carcinoma (P < 0.01 and P < 0.03, respectively) [9, 10] . In contrast, no relationship between administered doses of Aza, CsA or Cs and the risk of NMSC could be detected in three other, smaller studies [18] [19] [20] . The majority of previous studies investigating immunosuppressive regimens have not detected an association with the risk of NMSC [3, [13] [14] [15] 17] . We found that a treatment regimen with Aza+Cs or triple treatment increased the risk of CSCC compared to treatment with CsA+Cs. In line with our results, Ramsay et al. [4] found a reduced risk in CsA+Cs-treated patients compared to those who received triple treatment (RR 0.4; 95% CI, 0.2-1.0). While several studies have not found a difference between patients treated with CsA+Cs compared with Aza+Cs [7, [13] [14] [15] 17] , three cohort studies, two large and one smaller, found that triple treatment (Aza+CsA+Cs) may confer an increased risk and/or earlier occurrence of NMSC compared to treatment with Aza+Cs [7, 8, 16] . Based on the latter findings, investigators have concluded that a heavy drug load, rather than specific drugs, confers the elevated risk of CSCC. To investigate this, we created a variable for increasing drug dose burden in persons receiving triple treatment. In line with the heavy drug load hypothesis, we found that a high dose load elevated the risk of CSCC compared to a low 2768 Å . Ingvar et al. Aza = azathioprine, CsA = cyclosporine, Cs = corticosteroids, ATG = anti-thymocyte globulin. Controls were matched to cases by age (±5 years) and calendar period of transplantation (± 5 years) and were further required to be alive and free from cancer at the time of the case CSCC diagnosis. a Relative risks estimated by odds ratios and 95% confidence intervals using multivariate conditional logistic regression models. b Estimates adjusted for sex of the recipient, accumulated dose of Aza, CsA and Cs after the entire follow-up period. Analyses of combinations of drugs were not adjusted for the total accumulated dose of the same drug. c Restricted to persons who received all three drugs. The weighted dose combination score was created by adding assigned values to the accumulated dose categories of each drug, range 2 (low)-9(high). ∞ Statistical significance (P-value) was estimated with likelihood ratio test.
dose load, but the magnitude of the risk did not differ much from the risk conferred by Aza separately. The divergent results between studies could be a consequence of population differences or study limitations, e.g. crude exposure measurements (such as ever use), grouping of different skin malignancies [3, [8] [9] [10] 15] or discrepancies in the calendar period of transplantation or length of follow-up time in different treatment groups. The observed indication that Cs treatment is associated with an increased risk of CSCC is supported by two relatively large previous studies in non-transplant populations [26, 27] . However, this has not been described in organ trans- plant patients before, but previous studies were hampered by small size [18, 20] .
There are at least three basic mechanisms through which immunosuppressive drugs could cause CSCC-by an impaired immune surveillance, by a direct carcinogenic effect and by increasing the susceptibility to other carcinogenic agents. Additional to their immunosuppressive capacity, it has been shown that CsA is directly carcinogenic and that Aza is mutagenic [28, 29] . Moreover, it has become clear that Aza enhances the effect of sun-emitted UV radiation (UVR) on skin cancer risk. Kelly et al. showed that Aza had a strong inducing and promoting effect on tumours in hairless mice exposed to UVR, whereas CsA and Cs had a moderate and no effect, respectively [11] . Furthermore, O'Donovan et al. found that Aza photosensitizes the skin to UVR by changing the absorption interval of DNA when the metabolite 6-thioguanine is incorporated [12] . The absorption of UVR then causes the formation of reactive oxygen species that previously have been linked to DNA damage and cutaneous malignancies [12] .
The strengths of this study include the population-based nature of the Swedish transplantation cohort, the detailed collection of exposure information, the long follow-up and the matching for relevant confounding factors. There are, however, some limitations. We were not able to adjust for sun exposure or constitutional characteristics. A previous study in the same organ transplant population found an increased risk of CSCC in patients with skin type 1/2, warts and blond hair, but there was no association with sun exposure [30] . It is not likely that sun exposure is a confounder in the relationship between immunosuppressive drugs and CSCC because the dose is not determined with consideration of accumulated amount of sun exposure, i.e. at least not until the skin effect become evident at a late stage. Nevertheless, sun exposure may modify the effect of Aza on the risk of CSCC, which we were not able to explore. We were also unable to investigate newer immunosuppressive agents such as mycophenolate mofetil, tacrolimus and sirolimus that with an increasing frequency have replaced Immunosuppressive treatment after solid organ transplantation and risk of post-transplant cutaneous squamous cell carcinoma 2769 Table 5 . Relative risks a,b (RR) of cutaneous squamous cell carcinoma (CSCC) after organ transplantation in relation to accumulated dose (after 6 months, 1, 3, 5 years and after the entire follow-up period) and to mean dose (during treatment periods and during the second year and third year) of azathioprine (Aza), cyclosporine (CsA) and corticosteroids (Cs) post-transplantation Controls were matched to cases by age (±5 years) and calendar period of transplantation (± 5 years) and were further required to be alive and free from cancer at the time of the case CSCC diagnosis; a Relative risks estimated by odds ratios and 95% confidence intervals in a multivariate conditional logistic regression model; b Estimates adjusted for sex of the recipient, accumulated dose of Aza, CsA and Cs after the entire follow-up period. Analyses of drug doses in different treatment phases were not adjusted for the total accumulated dose of the same drug; c Reference category = never use of Aza and CsA and very low accumulated/mean dose of Cs; d Excluding intravenously administered drugs and periods of no treatment with the drug; ∞ Statistical significance (P-value) was estimated with likelihood ratio tests; ζ P-value for linear trend in risk of CSCC.
Aza and CsA. Nevertheless, Aza and CsA are still used as anti-rejection treatment in transplant patients as well as in treatment of many other inflammatory and autoimmune disorders. Lastly, we have not been able to adjust for body weight or individual variations in bioavailability. In summary, we found evidence of a strong association between the risk of CSCC and treatment with Aza. We also observed an increased risk with Cs treatment, specifically with a high accumulated dose after longer treatment periods. We conclude that there may be important differences in the risk of post-transplant CSCC conferred by specific drugs and by interaction with environmental factors, rather than an effect of the immunosuppressive drug load per se. 
Appendix 1. Algorithms for combining generically similar immunosuppressive drugs
